Abstract The occurrence and geochemical behaviour of Fe, Mn, Pb, Cu, Ni, Cr, Zn and Co are studied in riverine detrital materials transported by Patagonian rivers. Their riverine inputs have been estimated and the nature of these inputs to the Atlantic Ocean is discussed. Most of the metals are transported to the ocean via the suspended load; there is evidence that Fe oxides and organic matter are important phases controlling their distribution in the detrital non-residual fraction. Most heavy metal concentrations found in bed sediments, in suspended matter, and in the dissolved load of Patagonian rivers were comparable to those reported for non-polluted rivers. There is indication that human activity is altering riverine metal inputs to the ocean. In the northern basins -and indicating anthropogenic effects -heavy metals distribution in the suspended load is very different from that found in bed sediments. The use of pesticides in the Negro River valley seems correlated with increased riverine input of Cu, mostly bound to the suspended load. The Deseado and Chico Rivers exhibit increased specific yield of metals as a consequence of extended erosion within their respective basins. The Santa Cruz is the drainage basin least affected by human activity and its metal-exporting capacity should be taken as an example of a relatively unaffected large hydrological system. In contrast, coal mining modifies the transport pattern of heavy metals in the Gallegos River, inasmuch as they are exported to the coastal zone mainly as dissolved load.
Introduction
Terrigenous materials are supplied to the ocean mainly via riverine pathways. Metals are introduced in the environment by natural mechanisms such as weathering, erosion and volcanism. Some human activities, however, such as large-scale extraction of ores from the earth's crust and pollution, have become increasingly important, almost to the point of obliterating natural rates in many regions of the world (Salomons and Förstner 1984; Nriagu 1990) . Important processes occur at the river/ocean interface and in the continental shelf, where accumulation of natural and anthropogenic trace metals take place (Salomons and Förstner 1984) . The Patagonian coast accounts for nearly 3,000 km of a highly productive ecosystem. The region and its coastal zone have undergone a period of rapid development, and new mining and chemical activities are being incorporated (Gil et al. 1999) . Recent investigations have sought to establish heavy metal levels in coastal sediments and in marine organisms (Harvey and Gil 1988; Marcovecchio et al. 1990; Amin et al. 1996; Muse et al. 1995 Muse et al. , 1999 Gil et al. 1999) . Little is known, however, about the transfer of such elements from the continental land to the adjacent ocean.
The arid/semi-arid condition prevailing in the Atlantic seaboard of southern South America influences the SW Atlantic Ocean through the supply of dissolved and particulate material transported from the continent to the ocean via riverine and aeolian paths. The marine environment holds a wealth of biological resources, and the adjoining continental landmass may have a significant influence on the cycling of nutrients and heavy metals in the sea. Low population density and restricted industrial activity make Patagonia an exclusive and excellent area for the study of natural geochemical processes that occur on the earth's surface. The geochemical behaviour of a group of heavy metals (Fe, Mn, Pb, Cu, Ni, Cr, Zn and Co) has been studied in riverine materials transported by Patagonian rivers. River-borne heavy metals mass transport rates are estimated, and the nature of these inputs to the Atlantic Ocean is discussed.
Study area
Continental Patagonia (between 38°and 52°S) covers an area of about 700,000 km 2 . Prevailing westerly winds supply the available moisture, resulting in a strong westto-east precipitation gradient. Only a narrow strip along the Andes (about 15% of the total area) has a rainfall higher than 800 mm year -1 . The climatic and topographic characteristics of the region make the small narrow band along the Andes, with steep slopes and heavy rainfall, the active supplier of most of the riverine material that ultimately reaches the ocean. The geology is dominated by volcanic rocks (basalts, rhyolites and andesites), continental and, to a lesser extent, marine sediments. Also important are widespread Quaternary deposits dominated by alluvial, colluvial, lacustrine and glacial sediments. Metamorphic and plutonic rocks are in relatively minor proportions. Eight rivers drain this region and their combined drainage areas account for about 30% of the total Patagonian territory. The names, main features and localisation of each basin are shown in Table 1 and Fig.1 .
Anthropogenic drivers
The set of studied river basins exhibits a spectrum of human impact. The Colorado, Negro and Chubut Rivers have reservoir lakes in their basins. The main pollution problems can be attributed to anthropogenic pressures, such as sewage effluents, agricultural runoff, oil extraction and transportation, and heavy metal wastes located near harbours. Livestock breeding (mainly sheep) constitutes an important erosion agent. Environmentally important are the extensively farmed Negro River and to a lesser extent the Chubut and Colorado River valleys. Pollution from mining activities is relatively low, mostly restricted to iron extraction (Sierra Grande, Río Negro Province), zinc and copper mining (Angela mine and Yacimientos Huemules) and copper (La Leona mine, Santa Cruz Province). Coal mining developed in the headwaters of the Gallegos River (Río Turbio) generates abundant debris that is eventually wind-transported or directly introduced into the river water.
Materials and methods
The sampling program performed during the development of Project PARAT involved several field trips, each one at least 5,000 km long, stopping at the sampling stations to collect the samples and measure specific parameters in the field. The emphasis was placed on sampling the continentsea interface, along Patagonia's main road (RN 3). However, other field trips included one along the Andes (RN 40), to sample the headwaters of rivers crossing Patagonia from west to east (Fig. 1) . Composite water samples were taken from bridges by means of plastic sampling bottles, integrating three different points across the river. The water samples were filtered in situ through 0.22-lm-pore-size Millipore filters and stored in acid-cleaned high-density polyethylene bottles. The filtered samples were acidified with ultra-pure HCl to pH 1-2. Dissolved trace elements were analysed by inductively coupled plasma-mass spectrometry (ICP-MS; detection limit=0.01 lg l -1 and reproducibility <5%). Dissolved September 1995 , May 1996 , September 1996 and December 1996 . Discharges in Argentine rivers were collected daily at permanent hydrological stations and, since they are in the public domain, they must be requested from EVARSA, Buenos Aires, Argentina. The riverine inputs for the Deseado, Chico and Coyle were estimated using their average annual discharge, since data were not available for the abovementioned periods. In order to calculate dissolved load transport rates we have averaged the interannual transport of heavy metals corresponding to each sampling period.
Similarly, but using the mean heavy metal concentrations of the data present in the SPM (Table 3) , we have estimated the particulate heavy metal riverine inputs. Interannual export of BS riverine inputs was calculated using the mean transition metals concentrations for each Patagonian riverbed sediment (Table 3) and by considering that 10% of the SPM riverine input is the mass transported along the riverbed-water interface. This is consistent with the proportion of SPM admitted in the literature as representative of bed load (Milliman and Meade 1983; Pinet and Souriau 1988) .
Results and discussion

Geochemical background
Mineralogy The mineralogical composition of Patagonian fluvial sediments is very homogeneous and consists basically of clay, quartz and plagioclase. Calcite is only present in the Deseado and Colorado rivers' SPM and BS. As expected, the relative abundance of minerals in BS and SPM indicates that the percentage of clay minerals is relatively higher in the SPM (mean=57%), while a higher proportion of quartz is found in BS samples (mean=41%). The whole set of samples shows that clay mineralogy is homogeneous, with typical dominance of smectite (75%) and subordinate kaolinite, illite and chlorite accounting jointly for only 7-12%.
Carbonates and organic matter
In almost half of the 20 analysed samples, the percentage of carbonate in BS was below that of the detection limit (i.e. 0.1%). Most of the samples had carbonate concentrations lower than 0.5% and only the Colorado BS samples exhibited concentrations close to 3.0%. Additionally, organic matter amounted to an average of 1.0±0.5% in BS samples and, in the SPM fraction, particulate organic matter (POC) represents an average of only 3% of the total SPM (Table 1) . Obviously due to the outcropping coal beds and their mining, the highest organic carbon concentrations were found in both the BS and SPM from the Gallegos River.
Riverine heavy metals
Riverine heavy metal concentration Table 3 lists total heavy metal concentrations measured in BS, in SPM and in the dissolved fraction. From these data we have constructed Table 4 , where the average heavy metal concentrations of different Patagonian materials can be compared with those reported for other Argentine rivers, as well as with other world basins in pristine, industrialised and urbanised areas. In 1992, due to the volcanic eruption of the Hudson volcano in the southern Andes, fine-grained volcanic materials were wind-spread in the southernmost area of Patagonia. A representative sample of volcanic tephra was taken at Puerto San Julián (more than 400 km south-east from the eruption centre) and can be compared with the data reported by Déruelle and Bourgois (1993) from southern Chile, collected during the same eruptive event (Table 4) . From this table it becomes evident that the concentrations of heavy metals in Patagonian BS are similar to those found in unpolluted Argentine rivers (e.g. Manso River: Román Ross et al. 1995; Chicam-Toctina: Gaiero, unpublished data). The concentrations of Fe, Co, Cr and Zn show a discernible similarity with the Hudson volcanic ash sample taken at San Julián, whereas Ni, Cu and to a lesser extent Pb are more concentrated in Patagonian riverine material. In general, average heavy metal concentrations in Patagonian SPM are lower than those found in polluted and even non-polluted world rivers. Average concentrations of Fe, Mn, Cr and Co in the SPM are comparable to values found in BS samples (Table 4) . As a consequence of the grain-size effect, suspended matter shows an important enrichment in the mean concentration of Pb (20%), Cu and Zn (40%), as compared to bed sediments. This enrichment is clearly explained by higher concentrations of these elements in the Santa Cruz, Chico and Negro Rivers (Table 3) . As a likely anthropogenic source, the SPM of the latter depicted high Cu and Zn concentrations during December 1997 (290 and 460 lg g -1 , respectively) whereas during the same period of 1996 it was eight and three times lower respectively (Table 3) . Conversely, and despite the fact that the Santa Cruz River also has high Cu, Zn and Pb concentrations, their seasonal variations were less marked. Its catchment area has a high natural lithological background, probably related to the presence of copper deposits with associated pyrite, sphalerite, chalcopyrite, galena etc. (Honnorez-Guerstein 1971) . Dissolved heavy metal concentrations show little differences among Patagonian rivers (Table 3 ). The most striking differences are the high concentrations of Fe, Mn and Pb and their wide seasonal variation in the Gallegos River, as its large standard deviation suggests. Table 4 Metal distribution between dissolved and suspended load The interaction between suspended particles and metals plays an important role in the regulation of dissolved metal concentrations. During riverine transport, environmental changes affect metal distribution between dissolved At the other extreme is the Gallegos River -and to a lesser extent the Coyle -which, in spite of the relatively high POC concentration, has a Kd among the highest existing in Patagonian rivers (Table 5 and Fig. 2a) . The southern branch of the Coyle River is close to the area where coal mining is developed (Río Turbio), and wind-transported coal particles are also likely to affect its waters. POC transported by these rivers primarily consists of very fine coal particles with little effect on heavy metal adsorption. Moreover, the high relationship (r=0.95; p<0.05) between Bed sediments and suspended matter It is widely known that a large fraction of trace metals in the aquatic environment is normally found associated with sediments. The dispersion of these elements in drainage basins is generally a function of the hydraulic conditions that control different processes: (1) distribution, according to particle size and density; (2) mixture processes (e.g. sediments with a different heavy metal signal, introduced into the fluvial system); and (3) storage and deposition in the flood plain, fluvial substratum, lakes, reservoirs and estuaries (Foster and Charlesworth 1996) . The pristine conditions prevailing in Patagonia's uppermost catchments allow the use of the total heavy metal concentrations present in their bed sediments as baseline values. To facilitate the interpretation of the obtained information, we normalised both SPM and BS heavy metal concentration to a mean composition calculated from a composite sample of upper catchment sediments. A background value for Patagonia (called BP) was calculated by averaging the heavy metal concentration plus its standard deviation from upper catchment samples taken from Table 3 . Suggesting a control exerted by a similar lithology, Fe, Mn, Ni and Co measured in river bed sediments from the northernmost rivers (Colorado, Negro and Chubut; Fig. 3a) show similar normalised patterns. As was pointed out for the SPM of the Negro River (see 'Riverine heavy metal concentration', above), its bed sediments also depict enrichment of Zn, Cu and Pb, thus suggesting anthropogenic sources for these elements. As Carvalho et al. (1998) observed in the SPM of the lower Paranaíba do Sul River, Cu in the Negro River is probably associated with the extended use of Cu pesticides in fruit plantations in its valley. Metal concentrations normalised to BP for the SPM (SPM/ BP) are compared with the value obtained for bed sedi- (Fig. 4) . The Colorado River flows turbulently in a well-defined channel, with significant bank and channel erosion. This characteristic could explain the similarity between the SPM/BP from December 1996 (high discharge season) compared to that of the BS/BP pattern (Fig. 4a) . In contrast, and probably denoting an anthropogenic origin, the SPM shows that during the lower stages (April 1998) a clear enrichment of Cr, Zn and Cu is observable, compared to the BS fraction. The Deseado, Chico and Santa Cruz Rivers bed sediment samples (Fig. 3b) exhibit a comparable heavy metal normalisation pattern with a clear enrichment of Pb relative to BP and to the remaining metals. In contrast with northern rivers, the similarity among the BS/BP patterns could suggest that heavy metals in the southern bed sediments undergo little modification of the metal distribution, as related to their rock sources. The highest positive anomaly of Pb is shown by the Santa Cruz River -an unpolluted river -pointing again to the presence of a high metal background for this area. Additionally, Fig. 4 shows a noticeable correspondence between heavy metal patterns of SPM and BS in the Santa Cruz and Chico Rivers. The normalised heavy metals in SPM show an important positive fractionation of Zn, Cu and Pb compared to BS with a similar seasonal variation. Clearly, these elements are mobilised from their source (ore deposits?) and transported preferentially in the non-residual fraction of the SPM. The normalised heavy metal concentration pattern of the Deseado River shows a striking similarity between the BS and SPM phases. In general, both fractions are depleted in metal content with respect to BP (Fig. 4) . As with the Colorado River, the similarity of BP-normalised BS and SPM patterns in the Deseado River points towards uniformity in both sediment fractions. Table 3 shows that little difference exists in Patagonian rivers between duplicated BS samples from opposite banks, but a wide variation in Mn, Zn, Cu and Pb is observed in the duplicated samples of the Gallegos River. The less-concentrated samples (called A) have a pattern similar to other southern Patagonian bed sediments, while the more concentrated (called B) show a completely different pattern with a relative enrichment of Mn, Zn, Cu and Pb normalised to BP (Fig. 3c) . The Gallegos is the only river where, except for Zn and Cu, SPM heavy metal concentrations are lower, as compared with the BS fraction (Fig. 4) . Data obtained by Gil et al. (1996) indicate that due to the riverine input of coal-mining residues near the city of Río Turbio, SPM concentration in the Gallegos is a thousand times higher in the downstream direction. Due to sedimentation along the channel, only 1% of this material reaches the lower stretches. It is likely that the suspended matter carried by the Gallegos River is composed mainly of very fine coal particles, depleted in heavy metals. The high metal concentrations found on one of its riverbanks suggest the existence of sources other than rock weathering. One possible explanation is the presence of trace elements in the mined coal material and its adsorption onto clay minerals and/or (see 'Metal distribution between dissolved and suspended load') by complexation with dissolved organic carbon. The former idea is supported by size-fraction analysis performed in BS samples, revealing that sample (B) accounts for 50% more claymineral-size fraction than sample (A), denoting a higher specific surface area to adsorption processes in the former. Furthermore, acid leaching performed in the Gallegos bed sediment indicates that on average 80% of the abovementioned heavy metals were present in the non-residual fraction of sample (B), contrasting with only 12% extracted from sample (A). Riverine inputs of heavy metals Figure 5 shows the characteristic distribution of heavy metals transported annually to the south-west Atlantic Ocean by Patagonian rivers. The two largest rivers, Santa Cruz and Negro, account for about 70% of the total riverine heavy metal exported by Patagonia. Data from the largest world rivers (Trefry and Presley 1976; Gibbs 1977; Yeats and Bewers 1982) indicate that trace metals are transported from land to ocean mainly by suspended matter. Our data show that in Patagonian rivers, only Fe, Mn and Zn are mainly transported in the SPM fraction (average of 80%). The remaining metals do not have a regular transport pattern; most of them are mainly transported in the dissolved load. Denoting erosion processes, the Chico and Deseado Rivers exhibit the most regular On the other hand, the Colorado River shows a distinctive pattern when compared with the northernmost rivers, indicating that Pb and Cu are also transported mainly as dissolved phases. Except for the Chico River, a high proportion of Ni and to a lesser extent Cr (an average of 60 and 47%) are carried in the dissolved load.
All Patagonian rivers have shown significant dissolved Ni values, with a higher average concentration than for world rivers (Table 3) . Since even the river basins with the lowest population densities in Patagonia (e.g. Santa Cruz and Coyle) exhibit high dissolved Ni concentrations, its source is probably mainly due to chemical weathering of widespread basaltic rocks. The total particulate Pb, Zn, Ni and Cr transported annually by all Patagonian rivers represent only 20% of the riverine input exported by the comprehensively studied Rhine River (Paalman and Van der Weijden 1992) . A comparison between different Patagonian rivers, however, indicates that riverine heavy metal inputs are increasing, at least in some of them. As previously shown by various authors, climate (e.g. precipitation, temperature and runoff) is one of the main factors controlling continental rock weathering (e.g. Amiotte-Suchet and Probst 1993; White and Blum 1995) . Clearly, in river basins controlled only by natural processes, higher runoff will produce higher dissolved and particulate matter as a consequence of more intense chemical and physical weathering. In Patagonia, a significant relationship is found when total specific yields of each heavy metal (i.e. particulate + dissolved riverine inputs) are plotted against the annual runoff of each Patagonian river basin. Although both variables are affected by the same parameters (i.e. discharge and drainage area), this kind of relationship can help us to differentiate natural from anthropogenic processes that, eventually, could modify the rate of heavy metal riverine input to the ocean. Figure 6 summarises the relationship between transition metals' specific yields and basin runoff, leaving only the riverine inputs that fit better in the curve, taking Pb as an example. From Fig. 6a it is clear that the specific heavy metal yields of the Chico, Deseado and Gallegos Rivers are higher than those of other Patagonian rivers with similar runoff. Additional information is provided when the heavy metal specific yield is plotted for the different phases (i.e. SPM and dissolved). When the observed values are compared with the theoretical values given by the fitted curve (Fig. 6b) , man-induced soil erosion processes seem to accelerate the riverine inputs of Pb in the Deseado and Chico Rivers by a factor of 20 and 12 respectively. Coal-mining activity could deliver soluble trace elements to the Gallegos River, thus explaining the relative enhancement (by a factor of 10) of the riverine input of dissolved Pb shown in Fig. 6c (also observed for Fe, Mn, Zn and Cu). The increased yield for Pb does not appear when the suspended load is considered (Fig. 6b) . In spite of the apparently unaltered riverine input of Pb in the Colorado and Negro Rivers (Fig. 6a) , Fig. 6b , c indicates that particular physico-chemical conditions present in the different rivers could modify the pattern transport of trace elements. For example, in the Colorado River particulate riverine input reduction is only observed for Pb, indicating (as was already observed in 'Riverine heavy metal concentration') a select removal of this element from the suspended load. Impoundment of heavy metals from solution by complexing agents introduced by agricultural activities could explain the decrease of Pb dissolved specific yield (Fig. 6c ), but also of Zn, Cr and Co, in the Negro River. The Chubut River riverine inputs fit very well with different riverine input/runoff curves, indicating that human activity has not largely modified the riverine transport pattern of heavy metals in this basin. As was observed previously, Patagonian rivers' export of Ni to the ocean mainly occurs in the dissolved load (Fig. 5) . Similar to the other elements and due to erosion, only the Chico and Deseado Rivers show an enhanced specific riverine input of Ni. However, when the dissolved specific load is plotted (Fig. 7) , Ni is the only metal showing no alteration of its riverine input, supporting the idea that this element is supplied to Patagonian rivers mainly by natural chemical weathering processes.
Conclusions
Heavy metal concentrations measured in the fine grain fraction of riverbed sediments collected in the uppermost drainage areas of Patagonia can be used as a 'baseline' for further comparative studies. South Atlantic coastal areas located in the nearby outlets of Negro, Chico and Santa Cruz receive around 90% of the total trace metals produced by Patagonian rivers. High proportions of the studied metals are transported to the ocean by the suspended load and evidence indicates that Fe oxides and organic matter are important phases controlling their distribution in the non-residual fraction of sediments. However, in some rivers (especially the Colorado, Coyle and Gallegos) the dissolved load plays an important role in delivering Ni, Cr, Co, Pb and Cu in a biologically available form to the coastal areas. Although most of the heavy metal concentrations found in bed sediments, suspended matter and dissolved load in Patagonian rivers were comparable to those reported for non-polluted rivers, there is evidence that human activities are altering their riverine inputs to the ocean. In the northern basins, which contain most of the Patagonian population, farming activity and reservoir lakes, heavy metal distribution in SPM is very different to that found in bed sediment fractions. In this area, the reservoir lakes play an important role in retaining the coarse material delivered by the upper reaches, but this fraction has a minor impact on the final metal balance that reaches the ocean. The extended use of pesticides in the Negro River valley is probably responsible for the observed increased riverine input of Cu, especially in the suspended load, which delivers 60% of the total Patagonian rivers' Cu specific yield. A similar but less intense activity seems to have a minor effect on the heavy metal delivery rate by the Chubut River. The Colorado River metal transport characteristics are different from those shown by the Negro and Chubut Rivers. Bank and channel erosion dilute the transition metals concentrations, turning the dissolved load into a relatively more important form of heavy metal transport.
Similar distributions of metals were found in the suspended load of southern rivers when compared with bed sediments. This suggests that both sediment fractions reflect the composition of natural sources. Despite low population density in the Deseado and Chico River areas, land use (livestock breeding) seems to increase metal specific yields as a consequence of extended erosion within their basins. Among the studied rivers, the Santa Cruz is the least affected by human intervention. Consequently, the characteristic transition metal export shown by this river can be taken as an example of transport by a natural system, little affected by man. In spite of this, the relatively high geochemical background precludes the use of its metal specific yield as a standard for comparison with other world catchments. Coal mining modifies the heavy metal transport pattern of the Gallegos River. Readily soluble trace elements present in the mined coal are complexed by dissolved organic matter and/or adsorbed onto particles other than those transported in suspension. The result is a clear increase of metals exported to the coastal zones mainly as dissolved load. A significant proportion of the trace metals transported by Patagonian rivers is present in the non-residual fraction of sediments. This fraction, together with the dissolved load, are the most important in terms of mobile metals entering the coastal zone. Future work should dig deeper into the study of heavy metals transported in the non-residual fraction of Patagonian sediments. Furthermore, the importance of the prevailing westerly winds in an arid area like Patagonia, and the localisation of some important cities along the coast, make it mandatory to study the dynamics of aeolian dust (and its eventual soil sources), in terms of metals contribution to the ocean.
